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Oxidative stress was recently demonstrated to affect several fitness-related traits and is now well recognized to shape animal life-history evolution. However, very little is known about how much resistance to oxidative stress is determined by genetic and environmental effects and hence about the potential for evolution of this physiological trait, especially in wild populations. In addition, our knowledge of phenotypic sexual dimorphism and cross-sex genetic correlations in resistance to oxidative stress remains extremely limited despite important evolutionary implications. 
In free-living great tits (Parus major), we quantified heritability, common environmental effect, sexual dimorphism and cross-sex genetic correlation in offspring resistance to oxidative stress by performing a split-nest cross-fostering experiment where 155 broods were split and all siblings (n = 791) translocated and raised in two other nests. Resistance to oxidative stress was measured as both oxidative damage to lipids and erythrocyte resistance to a controlled free-radical attack.
Both measurements of oxidative stress showed low additive genetic variances, high common environmental effects and phenotypic sexual dimorphism with males showing a higher resistance to oxidative stress. Cross-sex genetic correlations were not different from unity, and we found no substantial heritability in resistance to oxidative stress at adult age measured on 39 individuals that recruited the subsequent year. 
Our study shows that individual ability to resist to oxidative stress is primarily influenced by the common environment and has a low heritability with a consequent low potential for evolution for this physiological trait, at least at an early stage of life.
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Introduction

Oxidative stress is now well recognized as a physiological constraint affecting fitness–related traits and mediating life-history evolution in animals ( ADDIN EN.CITE ; ; ; ; ). Oxidative stress (defined as an imbalance between the formation of reactive oxygen species and the antioxidant response in favour of the former;  HYPERLINK \l "_ENREF_91" \o "Sies, 1991 #341"  ADDIN EN.CITE <EndNote><Cite><Author>Sies</Author><Year>1991</Year><RecNum>341</RecNum><DisplayText>Sies, 1991</DisplayText><record><rec-number>341</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">341</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Sies, H.</author></authors></contributors><titles><title>Oxidative stress: oxidants and antioxidants</title></titles><dates><year>1991</year></dates><pub-location>London</pub-location><publisher>London Academic Press</publisher><isbn>0958-0670</isbn><urls><related-urls><url>http://sfx.metabib.ch:9003/sfx_bern?sid=google;auinit=H;aulast=Sies;atitle=Oxidative%20stress%3A%20oxidants%20and%20antioxidants;title=Experimental%20physiology;volume=82;issue=2;date=1997;spage=291;issn=0958-0670</url></related-urls></urls></record></Cite></EndNote>Sies, 1991) is involved in cellular senescence and aging ( HYPERLINK \l "_ENREF_38" \o "Finkel, 2000 #228"  ADDIN EN.CITE <EndNote><Cite><Author>Finkel</Author><Year>2000</Year><RecNum>228</RecNum><DisplayText>Finkel &amp; Holbrook, 2000</DisplayText><record><rec-number>228</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">228</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Finkel, Toren</author><author>Holbrook, Nikki J.</author></authors></contributors><titles><title>Oxidants, oxidative stress and the biology of ageing</title><secondary-title>Nature</secondary-title></titles><periodical><full-title>Nature</full-title></periodical><pages>239-247</pages><volume>408</volume><number>6809</number><dates><year>2000</year></dates><isbn>0028-0836</isbn><urls><related-urls><url>http://dx.doi.org/10.1038/35041687</url></related-urls></urls><electronic-resource-num>10.1038/35041687</electronic-resource-num></record></Cite></EndNote>Finkel & Holbrook, 2000), and the ability of an individual to resist oxidative stress was found to predict its survival prospects ( HYPERLINK \l "_ENREF_12" \o "Bize, 2008 #257"  ADDIN EN.CITE <EndNote><Cite><Author>Bize</Author><Year>2008</Year><RecNum>257</RecNum><DisplayText>Bize<style face="italic"> et al.</style>, 2008</DisplayText><record><rec-number>257</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">257</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bize, Pierre</author><author>Devevey, Godefroy</author><author>Monaghan, Patricia</author><author>Doligez, Blandine</author><author>Christe, Philippe</author></authors></contributors><titles><title>Fecondity and survival in relation to resistance to oxidative stress in a free-living bird</title><secondary-title>Ecology</secondary-title></titles><periodical><full-title>Ecology</full-title></periodical><pages>2584-2593</pages><volume>89</volume><number>9</number><dates><year>2008</year></dates><urls><related-urls><url>http://www.esajournals.org/doi/abs/10.1890/07-1135.1</url></related-urls></urls><electronic-resource-num>10.1890/07-1135.1</electronic-resource-num></record></Cite></EndNote>Bize et al., 2008,  HYPERLINK \l "_ENREF_56" \o "Losdat, 2013 #1371"  ADDIN EN.CITE <EndNote><Cite><Author>Losdat</Author><Year>2013</Year><RecNum>1371</RecNum><DisplayText>Losdat<style face="italic"> et al.</style>, 2013</DisplayText><record><rec-number>1371</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1371</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Losdat, Sylvain</author><author>Helfenstein, Fabrice</author><author>Blount, Jonathan D.</author><author>Marri, Viviana</author><author>Maronde, Lea</author><author>Richner, Heinz</author></authors></contributors><titles><title>Nestling erythrocyte resistance to oxidative stress predicts fledging success but not local recruitment in a wild bird</title><secondary-title>Biology Letters</secondary-title></titles><periodical><full-title>Biology Letters</full-title><abbr-1>Biol. Lett.</abbr-1></periodical><volume>9</volume><number>1</number><dates><year>2013</year><pub-dates><date>February 23, 2013</date></pub-dates></dates><urls><related-urls><url>http://rsbl.royalsocietypublishing.org/content/9/1/20120888.abstract</url></related-urls></urls><electronic-resource-num>10.1098/rsbl.2012.0888</electronic-resource-num></record></Cite></EndNote>Losdat et al., 2013) and life expectancy ( ADDIN EN.CITE ; ; ). Oxidative stress also has negative consequences on reproductive success ( ADDIN EN.CITE ; ; ; ,  HYPERLINK \l "_ENREF_57" \o "Losdat, 2011 #973"  ADDIN EN.CITE <EndNote><Cite><Author>Losdat</Author><Year>2011</Year><RecNum>973</RecNum><DisplayText>Losdat<style face="italic"> et al.</style>, 2011a</DisplayText><record><rec-number>973</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">973</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Losdat, S.</author><author>Helfenstein, H.</author><author>Gaude, B.</author><author>Richner, H.</author></authors></contributors><titles><title>Reproductive effort transiently reduces antioxidant capacity in a wild bird</title><secondary-title>Behavioral Ecology</secondary-title></titles><periodical><full-title>Behavioral Ecology</full-title><abbr-1>Behav. Ecol.</abbr-1><abbr-2>Behav Ecol</abbr-2></periodical><pages>1218-1226</pages><volume>22</volume><number>6</number><dates><year>2011</year></dates><urls></urls><electronic-resource-num>10.1093/beheco/arr116</electronic-resource-num></record></Cite></EndNote>Losdat et al., 2011a), and on male fertilizing ability through oxidative damage to sperm ( ADDIN EN.CITE ; ; ; ). 
Oxidative stress is consequently well recognized as a universal cost shaping phenotypic traits and selection for high ability to resist oxidative stress is widely expected to influence the evolution of life-history traits ( ADDIN EN.CITE ; ; ; ; ). Although much effort has been put in assessing the impact of oxidative stress on fitness traits, whether, and if so how, ability to resist oxidative stress itself can be inherited, and whether selection for high resistance to oxidative stress can transfer into evolution of this trait remains an important question for evolutionary ecologists and ecophysiologists ( HYPERLINK \l "_ENREF_66" \o "Metcalfe, 2010 #852"  ADDIN EN.CITE <EndNote><Cite><Author>Metcalfe</Author><Year>2010</Year><RecNum>852</RecNum><DisplayText>Metcalfe &amp; Alonso-Alvarez, 2010</DisplayText><record><rec-number>852</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">852</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Metcalfe, N. B.</author><author>Alonso-Alvarez, C.</author></authors></contributors><titles><title>Oxidative stress as a life-history constraint: the role of reactive oxygen species in shaping phenotypes from conception to death</title><secondary-title>Functional Ecology</secondary-title></titles><periodical><full-title>Functional Ecology</full-title><abbr-1>Funct. Ecol.</abbr-1><abbr-2>Funct Ecol</abbr-2></periodical><pages>984-996</pages><volume>24</volume><number>5</number><keywords><keyword>life history evolution</keyword><keyword>mate choice</keyword><keyword>ROS</keyword><keyword>redox signalling</keyword><keyword>sexual selection</keyword></keywords><dates><year>2010</year></dates><publisher>Blackwell Publishing Ltd</publisher><isbn>1365-2435</isbn><urls><related-urls><url>http://dx.doi.org/10.1111/j.1365-2435.2010.01750.x</url></related-urls></urls><electronic-resource-num>10.1111/j.1365-2435.2010.01750.x</electronic-resource-num></record></Cite></EndNote>Metcalfe & Alonso-Alvarez, 2010). Specifically, our knowledge is very limited when it comes to genetic variance, heritability, and common environment effects for quantitative and complex traits such as antioxidant capacity, ability to limit oxidative damage or structural antioxidant defences. Heritability of such traits could have important evolutionary consequences because individuals with high ability to resist oxidative stress could derive substantial fitness benefits through the multiple advantages (e.g. higher survival, higher ability to protect germline from oxidative damage, see above) gained by their offspring with relatively high resistance to oxidative stress. In addition, since resistance to oxidative stress is a multifactorial physiological trait ( HYPERLINK \l "_ENREF_27" \o "Costantini, 2014 #1605"  ADDIN EN.CITE <EndNote><Cite><Author>Costantini</Author><Year>2014</Year><RecNum>1605</RecNum><DisplayText>Costantini, 2014</DisplayText><record><rec-number>1605</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1605</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Costantini, David</author></authors></contributors><titles><title>Oxidative stress and hormesis in evolutionary ecology and physiology</title></titles><dates><year>2014</year></dates><publisher>Springer Berlin Heidelberg</publisher><urls></urls></record></Cite></EndNote>Costantini, 2014), partitioning variance in different components of oxidative stress could shed light on the determinants of an individual overall ability to resist oxidative stress. 
Several laboratory studies on various taxa (e.g. mammals, worms) have identified genes involved in cell resistance to oxidative damage ( ADDIN EN.CITE ; ), and in the control of the rate of reactive oxygen species (ROS) generation ( ADDIN EN.CITE ; ), therefore providing a first line of evidence for a genetic basis of individual ability to resist oxidative stress. Cross-fostering experiments have shown that variation in the production of reactive oxygen species in painted dragon lizards Ctenophorus pictus ( HYPERLINK \l "_ENREF_78" \o "Olsson, 2008 #772"  ADDIN EN.CITE <EndNote><Cite><Author>Olsson</Author><Year>2008</Year><RecNum>772</RecNum><DisplayText>Olsson<style face="italic"> et al.</style>, 2008</DisplayText><record><rec-number>772</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">772</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Olsson, Mats</author><author>Wilson, Mark</author><author>Isaksson, Caroline</author><author>Uller, Tobias</author><author>Mott, Beth</author></authors></contributors><titles><title>Carotenoid intake does not mediate a relationship between reactive oxygen species and bright colouration: experimental test in a lizard</title><secondary-title>Journal of Experimental Biology</secondary-title></titles><periodical><full-title>Journal of Experimental Biology</full-title><abbr-1>J. Exp. Biol.</abbr-1><abbr-2>J Exp Biol</abbr-2></periodical><pages>1257-1261</pages><volume>211</volume><number>8</number><dates><year>2008</year></dates><urls><related-urls><url>http://jeb.biologists.org/cgi/content/abstract/211/8/1257</url></related-urls></urls><electronic-resource-num>10.1242/jeb.015065</electronic-resource-num></record></Cite></EndNote>Olsson et al., 2008) or variation in the level of oxidative damage in wild kestrels Falco Tinnunculus ( ADDIN EN.CITE Costantini & Dell'Omo, 2006) can be mostly explained by genetic factors, whereas variation in antioxidant levels was mainly explained by the environmental conditions ( ADDIN EN.CITE ; ). Heritability of a measure of whole blood resistance to a ROS-induced attack was high and significant (h2= 0.59) in 8 days old yellow-legged gulls Larus cachinnans ( HYPERLINK \l "_ENREF_53" \o "Kim, 2010 #796"  ADDIN EN.CITE <EndNote><Cite><Author>Kim</Author><Year>2010</Year><RecNum>796</RecNum><DisplayText>Kim<style face="italic"> et al.</style>, 2010</DisplayText><record><rec-number>796</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">796</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>S.Y. Kim</author><author>J. C. Noguera</author><author>J. Morales</author><author>A. Velando</author></authors></contributors><auth-address>Departamento de Ecoloxa e Bioloxa Animal, Universidade de Vigo, Vigo, Spain</auth-address><titles><title>Heritability of resistance to oxidative stress in early life</title><secondary-title>Journal of Evolutionary Biology</secondary-title></titles><periodical><full-title>Journal of Evolutionary Biology</full-title><abbr-1>J. Evol. Biol.</abbr-1><abbr-2>J Evol Biol</abbr-2></periodical><pages>769-775</pages><volume>23</volume><number>4</number><dates><year>2010</year></dates><isbn>1420-9101</isbn><urls><related-urls><url>http://dx.doi.org/10.1111/j.1420-9101.2010.01942.x</url></related-urls></urls><electronic-resource-num>10.1111/j.1420-9101.2010.01942.x</electronic-resource-num></record></Cite></EndNote>Kim et al., 2010). On the contrary, a recent study on human twins reported that levels of oxidative damage were predominantly determined by environmental factors ( HYPERLINK \l "_ENREF_20" \o "Broedbaek, 2011 #1003"  ADDIN EN.CITE <EndNote><Cite><Author>Broedbaek</Author><Year>2011</Year><RecNum>1003</RecNum><DisplayText>Broedbaek<style face="italic"> et al.</style>, 2011</DisplayText><record><rec-number>1003</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1003</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Broedbaek, Kasper</author><author>Ribel-Madsen, Rasmus</author><author>Henriksen, Trine</author><author>Weimann, Allan</author><author>Petersen, Morten</author><author>Andersen, Jon T.</author><author>Afzal, Shoaib</author><author>Hjelvang, Brian</author><author>Roberts Ii, L. Jackson</author><author>Vaag, Allan</author><author>Poulsen, Pernille</author><author>Poulsen, Henrik E.</author></authors></contributors><titles><title>Genetic and environmental influences on oxidative damage assessed in elderly Danish twins</title><secondary-title>Free Radical Biology and Medicine</secondary-title></titles><periodical><full-title>Free Radical Biology and Medicine</full-title></periodical><pages>1488-1491</pages><volume>50</volume><number>11</number><keywords><keyword>Twin study</keyword><keyword>Heritability</keyword><keyword>Nucleic acid oxidation</keyword><keyword>F2-isoprostanes</keyword><keyword>8-oxodG</keyword><keyword>8-oxoGuo</keyword><keyword>F2-IsoP-M</keyword><keyword>Free radicals</keyword></keywords><dates><year>2011</year></dates><isbn>0891-5849</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/pii/S0891584911001213</url><url>http://ac.els-cdn.com/S0891584911001213/1-s2.0-S0891584911001213-main.pdf?_tid=7a189af0-6745-11e3-930b-00000aacb361&amp;acdnat=1387303565_fb73f6f0859e18454069b71167226cf3</url></related-urls></urls><electronic-resource-num>10.1016/j.freeradbiomed.2011.02.017</electronic-resource-num></record></Cite></EndNote>Broedbaek et al., 2011). Clearly, to what extent genetic and environmental parameters affect the variance in resistance to oxidative stress is equivocal and a recent review by Metcalfe and Alonso-Alvarez  points out the scarcity of and need for data on wild populations using quantitative genetics. 
Cross-sex genetic correlations, which represent genetic correlations between the same traits expressed in males and females, may constrain the evolution of a trait in one or both sexes, and are consequently assumed to play a pivotal role in the evolution of sexual dimorphism ( ADDIN EN.CITE ; ; ; ; ). In fact, the independent evolution of sexes for a given trait may be genetically constrained to a degree that depends on the magnitude of the cross-sex genetic correlation for this trait (; ). A meta-analysis by Poissant et al. (2010) revealed that cross-sex genetic correlations are generally large and positive but typically lower for fitness-related and physiological traits. This pattern is empirically supported by the low cross-sex genetic correlations observed in cell-mediated immune response and plumage colour intensity in blue tits ( ADDIN EN.CITE ;  HYPERLINK \l "_ENREF_29" \o "Drobniak, 2010 #1242" ). Low cross-sex genetic correlations in resistance to oxidative stress could consequently be expected. However, to our knowledge, sexual dimorphism and cross-sex genetic correlations in individual resistance to oxidative stress have not been quantified in natural conditions.
We conducted a split-nest cross fostering study (i.e. offspring from a given nest of origin were raised in two different foster nests) on a free-living population of great tits to quantify the amount of additive genetic and environmental variation in two measures of resistance to oxidative stress. Our experimental design allowed to separate additive genetic from common environment effects, and thus to estimate narrow-sense heritability using animal models. 
Because individual resistance to oxidative stress at early age likely depends to a large extent on parental ability to provide their offspring with a diet rich in antioxidant compounds ( HYPERLINK \l "_ENREF_23" \o "Catoni, 2008 #498"  ADDIN EN.CITE <EndNote><Cite><Author>Catoni</Author><Year>2008</Year><RecNum>498</RecNum><DisplayText>Catoni<style face="italic"> et al.</style>, 2008</DisplayText><record><rec-number>498</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">498</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Catoni, Carlo</author><author>Peters, Anne</author><author>Martin Schaefer, H.</author></authors></contributors><titles><title>Life history trade-offs are influenced by the diversity, availability and interactions of dietary antioxidants</title><secondary-title>Animal Behaviour</secondary-title></titles><periodical><full-title>Animal Behaviour</full-title><abbr-1>Anim. Behav.</abbr-1><abbr-2>Anim Behav</abbr-2></periodical><pages>1107-1119</pages><volume>76</volume><number>4</number><keywords><keyword>ascorbate</keyword><keyword>carotenoids</keyword><keyword>food selection</keyword><keyword>life history traits</keyword><keyword>oxidative stress</keyword><keyword>polyphenol</keyword><keyword>senescence</keyword><keyword>sexual selection</keyword><keyword>tocopherol</keyword><keyword>vitamin E</keyword></keywords><dates><year>2008</year></dates><isbn>0003-3472</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/B6W9W-4T1SFNS-2/2/f6c517bb4829e2a5c967fe26eb036e1a</url></related-urls></urls><electronic-resource-num>10.1016/j.anbehav.2008.05.027</electronic-resource-num></record></Cite></EndNote>Catoni et al., 2008), additive genetic effects on resistance to oxidative stress may be higher later in life, as observed in other traits (e.g.  HYPERLINK \l "_ENREF_24" \o "Charmantier, 2006 #1126"  ADDIN EN.CITE <EndNote><Cite><Author>Charmantier</Author><Year>2006</Year><RecNum>1126</RecNum><DisplayText>Charmantier<style face="italic"> et al.</style>, 2006</DisplayText><record><rec-number>1126</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1126</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Charmantier, Anne</author><author>Perrins, Christopher</author><author>McCleery, Robin H</author><author>Sheldon, Ben C</author></authors></contributors><titles><title>Age-dependent genetic variance in a life-history trait in the mute swan</title><secondary-title>Proceedings of the Royal Society of London B Biological Sciences</secondary-title></titles><periodical><full-title>Proceedings of the Royal Society of London B Biological Sciences</full-title><abbr-1>Proc. R Soc. B-Biol. Sci.</abbr-1></periodical><pages>225-232</pages><volume>273</volume><number>1583</number><dates><year>2006</year></dates><urls><related-urls><url>http://rspb.royalsocietypublishing.org/content/273/1583/225.abstract</url></related-urls></urls><electronic-resource-num>10.1098/rspb.2005.3294</electronic-resource-num></record></Cite></EndNote>Charmantier et al., 2006). We therefore also estimated heritability at adult age using genetic parent versus mid-offspring regressions with resistance to oxidative stress measured in offspring that were captured as adults the following year (recruits). 
We also quantified phenotypic sexual dimorphism and cross-sex genetic correlations in both measures of individual resistance to oxidative stress. 








We performed a split-nest full cross-fostering experiment, a standardized experimental design to partition variance and assess quantify heritability and environmental variance ( ADDIN EN.CITE ; ; ), by matching nest triads of similar brood size (±1 nestling) and similar hatching date (all offspring in a given nest were therefore of similar age after cross-fostering). This cross-fostering procedure where all nestlings are translocated avoids the problem of having two types of nestlings, those who are moved to a foster nest and experience discontinuity between their pre- and post-hatching environments and those who stay in their original nest and enjoy matching pre- and post-hatching environment ( HYPERLINK \l "_ENREF_10" \o "Berthouly, 2007 #152"  ADDIN EN.CITE <EndNote><Cite><Author>Berthouly</Author><Year>2007</Year><RecNum>152</RecNum><DisplayText>Berthouly<style face="italic"> et al.</style>, 2007</DisplayText><record><rec-number>152</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">152</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Berthouly, Anne</author><author>Helfenstein, Fabrice</author><author>Richner, Heinz</author></authors></contributors><titles><title>Cellular immune response, stress resistance and competitiveness in nestling great tits in relation to maternally transmitted carotenoids</title><secondary-title>Functional Ecology</secondary-title></titles><periodical><full-title>Functional Ecology</full-title><abbr-1>Funct. Ecol.</abbr-1><abbr-2>Funct Ecol</abbr-2></periodical><pages>335-343</pages><volume>21</volume><number>2</number><dates><year>2007</year></dates><urls><related-urls><url>http://www.blackwell-synergy.com/doi/abs/10.1111/j.1365-2435.2006.01236.x</url></related-urls></urls><electronic-resource-num>10.1111/j.1365-2435.2006.01236.x</electronic-resource-num></record></Cite></EndNote>Berthouly et al., 2007). On the second day post-hatching, nestlings were ranked according to body mass and individually marked by removing dorsal tuft feathers. This design allowed to block for body mass at hatching, a correlate of hatching order, nestling competitive ability and survival ( HYPERLINK \l "_ENREF_60" \o "Magrath, 1990 #819"  ADDIN EN.CITE <EndNote><Cite><Author>Magrath</Author><Year>1990</Year><RecNum>819</RecNum><DisplayText>Magrath, 1990</DisplayText><record><rec-number>819</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">819</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>R. D. Magrath</author></authors></contributors><auth-address>Department of Zoology, University of Cambridge, Downing St, Cambridge Cb2 3EJ, England</auth-address><titles><title>Hatching asynchrony in altricial birds</title><secondary-title>Biological Reviews</secondary-title></titles><periodical><full-title>Biological Reviews</full-title><abbr-1>Biol. Rev.</abbr-1></periodical><pages>587-622</pages><volume>65</volume><number>4</number><dates><year>1990</year></dates><isbn>1469-185X</isbn><urls><related-urls><url>http://dx.doi.org/10.1111/j.1469-185X.1990.tb01239.x</url></related-urls></urls><custom1>10.1111/j.1469-185X.1990.tb01239.x</custom1></record></Cite></EndNote>Magrath, 1990). Odd-ranked nestlings from one of the nests in the triad were then randomly assigned to one of the two other nests, and even-ranked ones were transferred to the third nest of the triad. Nestlings were further cross-fostered so that each nest of a triad contained half of the nestlings from the two other nests following the procedure described by  HYPERLINK \l "_ENREF_19" \o "Brinkhof, 1999 #1369"  ADDIN EN.CITE <EndNote><Cite AuthorYear="1"><Author>Brinkhof</Author><Year>1999</Year><RecNum>1369</RecNum><DisplayText>Brinkhof<style face="italic"> et al.</style> (1999</DisplayText><record><rec-number>1369</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1369</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Brinkhof, Martin W.G</author><author>Heeb, Philipp</author><author>K√∂lliker, Mathias</author><author>Richner, Heinz</author></authors></contributors><titles><title>Immunocompetence of nestling great tits in relation to rearing environment and parentage</title><secondary-title>Proceedings of the Royal Society of London B Biological Sciences</secondary-title></titles><periodical><full-title>Proceedings of the Royal Society of London B Biological Sciences</full-title><abbr-1>Proc. R Soc. B-Biol. Sci.</abbr-1></periodical><pages>2315-2322</pages><volume>266</volume><number>1435</number><dates><year>1999</year><pub-dates><date>November 22, 1999</date></pub-dates></dates><urls><related-urls><url>http://rspb.royalsocietypublishing.org/content/266/1435/2315.abstract</url><url>http://rspb.royalsocietypublishing.org/content/266/1435/2315.full.pdf</url></related-urls></urls><electronic-resource-num>10.1098/rspb.1999.0925</electronic-resource-num></record></Cite></EndNote>Brinkhof et al. (1999). Of the 174 nests that hatched, 155 were cross-fostered and included in the analyses (14 of the 155 nests were abandoned before fledging). Nestling rank (based on body mass) before and after cross fostering was highly correlated (mixed-effect model controlling for original and recipient nest effects; r= 0.76, F1,537 = 2325.6, p < 0.001), confirming that cross-fostering did not modify within-brood hierarchies.




In the subsequent breeding season (spring 2011), we captured adult breeders in the same forest aiming to capture birds that recruited to estimate heritability of resistance to oxidative stress at adult age. Catching effort was high since 85% of the 2011 breeding individuals were captured. All individuals were captured at their nests while feeding their 13 day-old nestlings by using clap-traps, and were blood-sampled (as detailed above) for oxidative stress analyses.

Erythrocyte resistance to oxidative stress 

We assessed nestling and adults 2011 erythrocyte resistance to oxidative stress using the KRL® (Kit Radicaux Libres) test purchased from Brevet Spiral (Couternon, France; http://www.nutriteck.com/sunyatakrl.html) adapted to bird physiological parameters (Alonso-Alvarez et al., 2004). This assay provides a quantitative measurement of the whole blood resistance to oxidative stress as it assesses the time required to haemolyse 50% of red blood cells of the sample when exposed to a controlled free-radical attack. It reflects the current availability of total antioxidant defences (enzymatic and non-enzymatic) as well as the past oxidative insults experienced by red blood cells (; ), and also indicates the rates of lipid peroxidation in the erythrocyte membrane ( HYPERLINK \l "_ENREF_101" \o "Zou, 2001 #821"  ADDIN EN.CITE <EndNote><Cite><Author>Zou</Author><Year>2001</Year><RecNum>821</RecNum><DisplayText>Zou<style face="italic"> et al.</style>, 2001</DisplayText><record><rec-number>821</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">821</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Zou, Cheng-Gang</author><author>Agar, Nihal S.</author><author>Jones, Graham Lloyd</author></authors></contributors><titles><title>Oxidative insult to human red blood cells induced by free radical initiator AAPH and its inhibition by a commercial antioxidant mixture</title><secondary-title>Life Sciences</secondary-title></titles><periodical><full-title>Life Sciences</full-title><abbr-1>Life Sci.</abbr-1><abbr-2>Life Sci</abbr-2></periodical><pages>75-86</pages><volume>69</volume><number>1</number><keywords><keyword>Antioxidant</keyword><keyword>Free radical</keyword><keyword>Haemolysis</keyword><keyword>Human</keyword><keyword>Red blood cell</keyword></keywords><dates><year>2001</year></dates><isbn>0024-3205</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/B6T99-4567BJW-8/2/74d2e0f57af85039009fea3a06536101</url></related-urls></urls><electronic-resource-num>10.1016/S0024-3205(01)01112-2</electronic-resource-num></record></Cite></EndNote>Zou et al., 2001). Briefly, 7µl of whole blood was diluted in 255.5 µl of KRL buffer (150 mM Na, 120 mM Cl–, 6 mM K, 24 mM HCO3-, 2 mM Ca2, 340 mOsM, pH·7.4) immediately after sampling and stored at 4°C before analysis 6.2 ± 4 hours after blood collection. We loaded 80 µl of KRL-diluted whole blood into wells of a 96-well microplate. We subsequently added to each well 136 µl of a 150 mM solution of 2,2-azobis- (amidinopropane) hydrochloride (AAPH; a free radical generator; 646 mg diluted in 20 ml of KRL buffer;  HYPERLINK \l "_ENREF_87" \o "Rojas Wahl, 1998 #468"  ADDIN EN.CITE <EndNote><Cite><Author>Wahl</Author><Year>1998</Year><RecNum>468</RecNum><DisplayText>Rojas Wahl<style face="italic"> et al.</style>, 1998</DisplayText><record><rec-number>468</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">468</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Rojas Wahl, R. U.</author><author>Liansheng,  Z.</author><author>Madison, S.A.</author><author>DePinto, R.L.</author><author>Shay, B.J.</author></authors></contributors><titles><title>Mechanistic studies on the decomposition of water soluble azo-radical-initiators</title><secondary-title>J. Chem. Soc., Perkin Trans. 2</secondary-title></titles><periodical><full-title>J. Chem. Soc., Perkin Trans. 2</full-title></periodical><pages>2009 - 2018</pages><volume>1998</volume><number>9</number><dates><year>1998</year></dates><isbn>0300-9580</isbn><urls><related-urls><url>http://sfx.metabib.ch:9003/sfx_bern?sid=google;auinit=RUR;aulast=Wahl;atitle=Mechanistic%20studies%20on%20the%20decomposition%20of%20water%20soluble%20azo-radical-initiators;title=Journal%20of%20the%20Chemical%20Society.%20Perkin%20transactions%202;volume=1998;issue=9;date=1998;spage=2009;issn=0300-9580</url></related-urls></urls><electronic-resource-num>10.1039/a801624k.</electronic-resource-num></record></Cite></EndNote>Rojas Wahl et al., 1998). The microplate was subsequently read with a microplate spectrophotometer (PowerWave XS reader, Witec Ag, Switzerland) with temperature set at 40°C. The rate of haemolysis was determined by the change in optical density measured at 540 nm ( HYPERLINK \l "_ENREF_11" \o "Bertrand, 2006 #193"  ADDIN EN.CITE <EndNote><Cite><Author>Bertrand</Author><Year>2006</Year><RecNum>193</RecNum><DisplayText>Bertrand<style face="italic"> et al.</style>, 2006</DisplayText><record><rec-number>193</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">193</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bertrand, Sophie</author><author>Alonso-Alvarez, Carlos</author><author>Devevey, Godefroy</author><author>Faivre, Bruno</author><author>Prost, Josiane</author><author>Sorci, Gabriele</author></authors></contributors><titles><title>Carotenoids modulate the trade-off between egg production and resistance to oxidative stress in zebra finches</title><secondary-title>Oecologia</secondary-title></titles><periodical><full-title>Oecologia</full-title></periodical><pages>576-584</pages><volume>147</volume><number>4</number><dates><year>2006</year></dates><urls><related-urls><url>http://dx.doi.org/10.1007/s00442-005-0317-8</url></related-urls></urls><electronic-resource-num>10.1007/s00442-005-0317-8</electronic-resource-num></record></Cite></EndNote>Bertrand et al., 2006). Readings were made every 3.5 minutes for 80 minutes and the microplate was shaken immediately before each reading to prevent cells from settling at the bottom of the wells. The repeatability of the method, assessed using samples from adult great tits 2011, was high (r = 0.78, p < 0.001, n = 80).

Oxidative damage to lipids









We used ‘animal models’ to partition variance in nestling ability to resist oxidative stress as measured by their erythrocyte resistance to oxidative stress and oxidative damage to lipids (both log10-transformed to achieve normally distributed residuals). ‘Animal models’ are linear mixed models that use relatedness among individuals to estimate additive genetic (co)variances in phenotypic traits (Wilson et al., 2010). We also ran animal models to estimate heritabilities of body mass, tarsus length and wing length, for which values are well documented (see discussion), to provide a comparison with our estimates for physiological traits. We used the genetic parentage data to assign every individual to its genetic mother and father and compiled a two-generational pedigree (offspring & parents), which allowed correcting for the 9 % of extra-pair offspring in our study population in 2010. We used the “asreml” package ( HYPERLINK \l "_ENREF_22" \o "Butler, 2007 #1108"  ADDIN EN.CITE <EndNote><Cite><Author>Butler</Author><Year>2007</Year><RecNum>1108</RecNum><DisplayText>Butler<style face="italic"> et al.</style>, 2007</DisplayText><record><rec-number>1108</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1108</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Butler, D.</author><author>Cullis, B.R.</author><author>Gilmour, A.R.</author><author>Gogel, B.J.</author></authors></contributors><titles><title>ASReml-S Reference Manual</title><secondary-title>Dept of Primary Industries and Fisheries: Brisbane</secondary-title></titles><periodical><full-title>Dept of Primary Industries and Fisheries: Brisbane</full-title></periodical><dates><year>2007</year></dates><urls></urls></record></Cite></EndNote>Butler et al., 2007) implemented in R software ( HYPERLINK \l "_ENREF_85" \o "R Core Team, 2013 #348"  ADDIN EN.CITE <EndNote><Cite><Author>R Core Team</Author><Year>2013</Year><RecNum>348</RecNum><DisplayText>R Core Team, 2013</DisplayText><record><rec-number>348</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">348</key></foreign-keys><ref-type name="Computer Program">9</ref-type><contributors><authors><author>R Core Team,</author></authors></contributors><auth-address>Vienna, Austria</auth-address><titles><title>R: a language and environment for statistical computing</title></titles><dates><year>2013</year></dates><pub-location>Vienna, Austria</pub-location><urls></urls></record></Cite></EndNote>R Core Team, 2013) to run the animal models that used our two-generation pedigree  to estimate the variance components with a restricted estimate maximum likelihood procedure (REML). 
	Total phenotypic variance (VP) was partitioned into VA + VC + VR where VA is the additive genetic variance, VC is the common environment variance and VR the residual variance. Note that since offspring were cross-fostered two days after hatching, the potential pre-cross-fostering environmental effects occurring after hatching would fall into the additive genetic variance VA, which is therefore likely to be slightly over-estimated. Offspring identity (associated with the pedigree) and the foster nest were fitted as random effects to estimate VA and VC, respectively. Sex of the nestlings, hatching date, brood size and hatching rank were included as fixed factors and their significance assessed using a conditional Wald test with an F-approximation to its sampling distribution ( HYPERLINK \l "_ENREF_22" \o "Butler, 2007 #1108"  ADDIN EN.CITE <EndNote><Cite><Author>Butler</Author><Year>2007</Year><RecNum>1108</RecNum><DisplayText>Butler<style face="italic"> et al.</style>, 2007</DisplayText><record><rec-number>1108</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1108</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Butler, D.</author><author>Cullis, B.R.</author><author>Gilmour, A.R.</author><author>Gogel, B.J.</author></authors></contributors><titles><title>ASReml-S Reference Manual</title><secondary-title>Dept of Primary Industries and Fisheries: Brisbane</secondary-title></titles><periodical><full-title>Dept of Primary Industries and Fisheries: Brisbane</full-title></periodical><dates><year>2007</year></dates><urls></urls></record></Cite></EndNote>Butler et al., 2007). Non-significant fixed factors were backward eliminated from the models with a 5 % significance threshold. 
Univariate models were run first to estimate the variance components of nestlings’ ability to resist oxidative stress. We then ran bivariate models to partition variance in resistance to oxidative stress for both sexes separately and to quantify cross-sex genetic correlations by using bivariate formulations of the response variables whereby values of resistance to oxidative stress in the two different sexes were treated as two different dependent variables. In bivariate models, residual covariances were set to 0 because each individual can be measured for only one sex.
Because running animal models on a two-generational pedigree is rather unusual, we also ran classic REML mixed-effect models using the nest of origin rather than the pedigree to estimate VA and VC. These models yielded qualitatively similar results and we therefore only present here the outputs of the animal models since they account for extra-pair paternity.
Narrow sense heritability (h2) and common environmental effect (c2) were computed for both dependent variables as h2 = Va/Vp and c2 = Vc/Vp. Vp was calculated as the sum of the variance components, after the variance explained by the fixed effects was accounted for. To assess the statistical significance of VC and VA, we used likelihood-ratio tests (LRT) to compare the final model with a reduced model that did not include the random effect tested. LRTs compare nested models based on twice the difference in log-likelihood scores that follow a 2 distribution with a number of degree of freedom equaling the number of parameters removed (df=1). In bivariate models, we used LRTs to test the significance of cross-sex genetic correlations by comparing the full model with one where the genetic correlation was set to 1. Genetic correlations were tested against unity because the null genetic model predicts high cross-sex genetic correlations (Bonduriansky, 2007,  ADDIN EN.CITE ; ). 
Lastly, we performed parent–offspring regressions 1) between offspring at the nestling stage and their rearing parents to test for their potential resemblance (non-genetic inheritance), and 2) between recruiting offspring (the subsequent year) and their genetic and rearing parents to test whether resistance to oxidative stress at adult age is related to genetic (genetic inheritance) and/or rearing (non-genetic inheritance) parents. Offspring oxidative stress values were standardized by using the residuals of GLMM models with nest of origin (for rearing parent-offspring regressions) or nest of rearing (for genetic parent-offspring regression) fitted as a random factor, and (paraquat) treatment and sex as fixed factors. Nestlings, as well as some recruiting adults, were born and raised in the same nests and we therefore averaged their values to avoid pseudo-replication. The heritability estimates were inferred from the midparent-midoffspring regression coefficients (; ). 

Results
Resistance to oxidative stress at the nestling stage
We found a highly significant effect of sex on both traits (Table 1) with males having superior erythrocyte resistance to oxidative stress (8.05 ± 0.40 min.) and less oxidative damage (14.89 ± 0.47 nmol.ml-1) when compared to females (6.62 ± 0.33 min. and 16.30 ± 0.51 nmol.ml-1, respectively). Hatching date also had a significant negative effect on the levels of oxidative damage (Table 1). Heritability of morphological traits were substantial; 0.56 ± 0.08 for body mass, 0.18 ± 0.08 for tarsus length, and 0.54 ± 0.19 for wing length. 
Additive genetic variances (VA) were not significantly different from 0, resulting in low estimates of narrow-sense heritability for both traits (Tables 1 and 2). Because VA may also involve some pre cross-fostering environmental effects of the nests of origin, the reported absence of significant additive genetic variance is a very conservative result. The common environment effect (VC) explained a significant proportion of the variance for both traits with moderate and high estimates of the common environment effect c2, except for male erythrocyte resistance to oxidative stress (Tables 1 and 2). Cross-sex genetic correlations for both measures of oxidative stress were high and did not significantly differ from unity (Table 2). 

Genetic parents versus adult offspring regressions
In the subsequent breeding season (2011) we captured 39 breeding adults that recruited from 2010 (5.1 %, a low but typical recruitment rate in the great tit;  HYPERLINK \l "_ENREF_96" \o "Verhulst, 1995 #1362"  ADDIN EN.CITE <EndNote><Cite><Author>Verhulst</Author><Year>1995</Year><RecNum>1362</RecNum><DisplayText>Verhulst<style face="italic"> et al.</style>, 1995</DisplayText><record><rec-number>1362</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1362</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Verhulst, S.</author><author>Balen, J. H. van</author><author>Tinbergen, J. M.</author></authors></contributors><titles><title>Seasonal decline in reproductive success of the great tit: variation in time or quality?</title><secondary-title>Ecology</secondary-title></titles><periodical><full-title>Ecology</full-title></periodical><pages>2392-2403</pages><volume>76</volume><number>8</number><dates><year>1995</year></dates><publisher>Ecological Society of America</publisher><isbn>00129658</isbn><urls><related-urls><url>http://www.jstor.org/stable/2265815</url></related-urls></urls></record></Cite></EndNote>Verhulst et al., 1995, including in our study population;  HYPERLINK \l "_ENREF_56" \o "Losdat, 2013 #1371"  ADDIN EN.CITE <EndNote><Cite><Author>Losdat</Author><Year>2013</Year><RecNum>1371</RecNum><DisplayText>Losdat<style face="italic"> et al.</style>, 2013</DisplayText><record><rec-number>1371</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1371</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Losdat, Sylvain</author><author>Helfenstein, Fabrice</author><author>Blount, Jonathan D.</author><author>Marri, Viviana</author><author>Maronde, Lea</author><author>Richner, Heinz</author></authors></contributors><titles><title>Nestling erythrocyte resistance to oxidative stress predicts fledging success but not local recruitment in a wild bird</title><secondary-title>Biology Letters</secondary-title></titles><periodical><full-title>Biology Letters</full-title><abbr-1>Biol. Lett.</abbr-1></periodical><volume>9</volume><number>1</number><dates><year>2013</year><pub-dates><date>February 23, 2013</date></pub-dates></dates><urls><related-urls><url>http://rsbl.royalsocietypublishing.org/content/9/1/20120888.abstract</url></related-urls></urls><electronic-resource-num>10.1098/rsbl.2012.0888</electronic-resource-num></record></Cite></EndNote>Losdat et al., 2013). Genetic mid-parent-mid-offspring regressions were not significant for both measures of resistance to oxidative stress (h2 = -0.03 ± 0.10, p = 0.74; h2 = -0.09 ± 0.09, p = 0.32, respectively).

Foster parent versus offspring regressions 
Regressions of erythrocyte resistance to oxidative stress and oxidative damage of foster mid-parent versus mid-offspring trait values measured at the nestling stage were not significant, therefore yielding no significant non-genetic inheritance for both traits (-0.05 ± 0.04, p = 0.18; -0.01 ± 0.03, p = 0.61, respectively).




Our split-nest full cross-fostering experiment on a free-living vertebrate reveals that the phenotypic variance in offspring resistance to oxidative stress, as measured by erythrocyte resistance to oxidative stress and oxidative damage to lipids, was primarily explained by the common environment and had low heritability and low non-genetic inheritance ( ADDIN EN.CITE ; ). We report remarkable sexual dimorphism with males showing superior ability to resist oxidative stress at the phenotypic level. We did not find evidence for genotype-by-sex interactions, which may partly reflect the low additive genetic variance in resistance to oxidative stress.
We report low heritabilities for both erythrocyte resistance to oxidative stress and levels of oxidative damage. Traits closely related to fitness tend to have lower heritabilities than traits less associated to fitness because the former capture more environmental variance due to their dependence on more components (e.g. sexual selection) resulting in higher non-genetic variance ( ADDIN EN.CITE ; ; ; ), as shown in long-term studies on wild vertebrates ( ADDIN EN.CITE ; ; ). The low heritabilities observed here may therefore reflect the close link between resistance to oxidative stress and fitness (reviewed in  ADDIN EN.CITE ; ). Indeed, links between resistance to oxidative stress as measured in this study and fitness-related traits have been identified in our study system (Losdat et al., 2011a, Losdat et al., 2013). Importantly, heritabilities of morphological traits estimated here are typical values (i.e. moderate to high) for these traits, as reported for many species (e.g.  ADDIN EN.CITE ; ; ; ; ; ; ; ). Hence, the low heritabilities of resistance to oxidative stress we report do not reflect a general pattern of low heritabilities in our study system.
Both measures of resistance to oxidative stress did also not show significant additive genetic variance. This is unexpected because fitness-related traits usually harbor substantial additive genetic variance, potentially because they capture variation and accumulate mutations from many loci (; ). Additive genetic variance has been shown to be age-dependent in some species ( HYPERLINK \l "_ENREF_24" \o "Charmantier, 2006 #1126"  ADDIN EN.CITE <EndNote><Cite><Author>Charmantier</Author><Year>2006</Year><RecNum>1126</RecNum><DisplayText>Charmantier<style face="italic"> et al.</style>, 2006</DisplayText><record><rec-number>1126</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1126</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Charmantier, Anne</author><author>Perrins, Christopher</author><author>McCleery, Robin H</author><author>Sheldon, Ben C</author></authors></contributors><titles><title>Age-dependent genetic variance in a life-history trait in the mute swan</title><secondary-title>Proceedings of the Royal Society of London B Biological Sciences</secondary-title></titles><periodical><full-title>Proceedings of the Royal Society of London B Biological Sciences</full-title><abbr-1>Proc. R Soc. B-Biol. Sci.</abbr-1></periodical><pages>225-232</pages><volume>273</volume><number>1583</number><dates><year>2006</year></dates><urls><related-urls><url>http://rspb.royalsocietypublishing.org/content/273/1583/225.abstract</url></related-urls></urls><electronic-resource-num>10.1098/rspb.2005.3294</electronic-resource-num></record></Cite></EndNote>Charmantier et al., 2006) and this is to be expected in species where individuals highly depend on their environment such as passerine birds at an early age that fully rely on their parents. One could therefore expect a higher additive genetic variance in resistance to oxidative stress when measured at the adult stage, when individuals become independent. Here, measurements performed on individual recruits did not reveal greater resemblance at adulthood than at the fledging stage between genetic parents and their offspring. However, measurements at adulthood in our study comprised only 39 individuals (i.e. 5% of the individual sampled as offspring) and therefore potential age-dependence of additive genetic variance in resistance to oxidative stress remains to be tested on a more representative sample size.
Despite low additive genetic variances and heritabilities, resistance to oxidative stress may still exhibit some evolutionary potential if it showed significant non-genetic inheritance as produced by mechanisms such as parental effects, epigenetic or ecological inheritance ( ADDIN EN.CITE ; ). Although non-genetic inheritance can be expected at least through parental effects (maternal effects: deposition of antioxidant in the yolk;  ADDIN EN.CITE ; ; ; paternal effects: territory quality reflecting availability of antioxidant rich food;  ADDIN EN.CITE ; ), parent-offspring regressions both at nestling and adult stages indicated no resemblance between foster parents and their offspring in terms of erythrocyte resistance to oxidative stress and oxidative damage. 
In contrast, our results reveal a large environmental effect on erythrocyte resistance to oxidative stress and levels of oxidative damage. This is in line with previous studies reporting a large environmental effect on resistance to oxidative stress, including measures of enzymatic and non-enzymatic antioxidants, in different species ( ADDIN EN.CITE ; ; ). Such environmental effects have important evolutionary implications because they potentially allow parents to strengthen their offspring resistance to oxidative stress through parental care, with potential benefits to offspring fitness-related traits ( HYPERLINK \l "_ENREF_5" \o "Alonso-Alvarez, 2006 #201"  ADDIN EN.CITE <EndNote><Cite><Author>Alonso-Alvarez</Author><Year>2006</Year><RecNum>201</RecNum><DisplayText>Alonso-Alvarez<style face="italic"> et al.</style>, 2006</DisplayText><record><rec-number>201</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">201</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Alonso-Alvarez, Carlos</author><author>Bertrand, Sophie</author><author>Devevey, Godefroy</author><author>Prost, Josiane</author><author>Faivre, Bruno</author><author>Chastel, Olivier</author><author>Sorci, Gabriele</author></authors></contributors><titles><title>An experimental manipulation of life-history trajectories and resistance to oxidative stress</title><secondary-title>Evolution</secondary-title></titles><periodical><full-title>Evolution</full-title><abbr-1>Evolution</abbr-1><abbr-2>Evolution</abbr-2></periodical><pages>1913-1924</pages><volume>60</volume><number>9</number><dates><year>2006</year></dates><urls><related-urls><url>http://www.blackwell-synergy.com/doi/abs/10.1111/j.0014-3820.2006.tb00534.x</url><url>http://onlinelibrary.wiley.com/store/10.1111/j.0014-3820.2006.tb00534.x/asset/j.0014-3820.2006.tb00534.x.pdf?v=1&amp;t=hwdbstvq&amp;s=4f4f5fe15c0597b51c9f7ca500b40775ec982156</url></related-urls></urls><electronic-resource-num>10.1111/j.0014-3820.2006.tb00534.x</electronic-resource-num></record></Cite></EndNote>Alonso-Alvarez et al., 2006). A significant environmental effect may be expected if some components of the antioxidant system (e.g. dietary antioxidants) are linked to food sources and environmental conditions ( HYPERLINK \l "_ENREF_23" \o "Catoni, 2008 #498"  ADDIN EN.CITE <EndNote><Cite><Author>Catoni</Author><Year>2008</Year><RecNum>498</RecNum><DisplayText>Catoni<style face="italic"> et al.</style>, 2008</DisplayText><record><rec-number>498</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">498</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Catoni, Carlo</author><author>Peters, Anne</author><author>Martin Schaefer, H.</author></authors></contributors><titles><title>Life history trade-offs are influenced by the diversity, availability and interactions of dietary antioxidants</title><secondary-title>Animal Behaviour</secondary-title></titles><periodical><full-title>Animal Behaviour</full-title><abbr-1>Anim. Behav.</abbr-1><abbr-2>Anim Behav</abbr-2></periodical><pages>1107-1119</pages><volume>76</volume><number>4</number><keywords><keyword>ascorbate</keyword><keyword>carotenoids</keyword><keyword>food selection</keyword><keyword>life history traits</keyword><keyword>oxidative stress</keyword><keyword>polyphenol</keyword><keyword>senescence</keyword><keyword>sexual selection</keyword><keyword>tocopherol</keyword><keyword>vitamin E</keyword></keywords><dates><year>2008</year></dates><isbn>0003-3472</isbn><urls><related-urls><url>http://www.sciencedirect.com/science/article/B6W9W-4T1SFNS-2/2/f6c517bb4829e2a5c967fe26eb036e1a</url></related-urls></urls><electronic-resource-num>10.1016/j.anbehav.2008.05.027</electronic-resource-num></record></Cite></EndNote>Catoni et al., 2008). The antioxidant system involves several lines of defense (reviewed in  ADDIN EN.CITE ; ), for instance i) reducing levels of uncontrolled reactive species in the cell, ii) cellular antioxidant enzyme groups counteracting the effects of the superoxide anion, iii) chain-breaking antioxidant compounds (endogenously produced and dietary), and iv) structural defenses of tissues. The common environment shared by offspring has the potential to influence all levels of the antioxidant system. First, the food resources nestlings get from their rearing parents constitute their only source of dietary antioxidants, and only source of energy for the synthesis of endogenous antioxidants. Thus, the amount and quality of food provided by the parents will likely influence the nestling ability to neutralize reactive species and adjust their structural defenses (e.g. membrane lipid composition through ratio of polyunsaturated vs. monounsaturated and saturated fatty acids), and consequently their susceptibility to oxidative stress. Second, the intensity of sibling competition depends on common environment factors such as parental investment and parent-offspring conflict ( ADDIN EN.CITE ; ), brood size ( HYPERLINK \l "_ENREF_74" \o "Neuenschwander, 2003 #435"  ADDIN EN.CITE <EndNote><Cite><Author>Neuenschwander</Author><Year>2003</Year><RecNum>435</RecNum><DisplayText>Neuenschwander<style face="italic"> et al.</style>, 2003</DisplayText><record><rec-number>435</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">435</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Neuenschwander, S.</author><author>Brinkhof, M.</author><author>Kolliker, M.</author><author>Richner, H.</author></authors></contributors><titles><title><style face="normal" font="default" size="100%">Brood size, sibling competition, and the cost of begging in great tits (</style><style face="italic" font="default" size="100%">Parus major</style><style face="normal" font="default" size="100%">)</style></title><secondary-title>Behavioral Ecology</secondary-title></titles><periodical><full-title>Behavioral Ecology</full-title><abbr-1>Behav. Ecol.</abbr-1><abbr-2>Behav Ecol</abbr-2></periodical><pages>457-462</pages><volume>14</volume><number>4</number><dates><year>2003</year></dates><isbn>1045-2249</isbn><urls><related-urls><url>http://sfx.metabib.ch:9003/sfx_bern?url_ver=Z39.88-2004;url_ctx_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Actx;rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Ajournal;rft.atitle=Brood%20size%2C%20sibling%20competition%2C%20and%20the%20cost%20of%20begging%20in%20great%20tits%20%28Parus%20major%29;rft.auinit=S;rft.aulast=Neuenschwander;rft.date=2003;rft.epage=462;rft.genre=article;rft.issn=1045-2249;rft.issue=4;rft.spage=457;rft.stitle=BEHAV%20ECOL;rft.title=BEHAVIORAL%20ECOLOGY;rft.volume=14;rfr_id=info%3Asid%2Fwww.isinet.com%3AWoK%3AUA;rft.au=Brinkhof%2C%20M;rft.au=Kolliker%2C%20M;rft.au=Richner%2C%20H</url></related-urls></urls><electronic-resource-num>10.1093/beheco/arg025</electronic-resource-num></record></Cite></EndNote>Neuenschwander et al., 2003), or sex-ratio in the brood ( HYPERLINK \l "_ENREF_18" \o "Bonisoli-Alquati, 2011 #1194"  ADDIN EN.CITE <EndNote><Cite><Author>Bonisoli-Alquati</Author><Year>2011</Year><RecNum>1194</RecNum><DisplayText>Bonisoli-Alquati<style face="italic"> et al.</style>, 2011</DisplayText><record><rec-number>1194</rec-number><foreign-keys><key app="EN" db-id="zsstpwzwftvs57eefdovt2akrzpzs2fxa2fz">1194</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Bonisoli-Alquati, Andrea</author><author>Boncoraglio, Giuseppe</author><author>Caprioli, Manuela</author><author>Saino, Nicola</author></authors></contributors><titles><title>Birth order, individual sex and sex of competitors determine the outcome of conflict among siblings over parental care</title><secondary-title>Proceedings of the Royal Society of London B Biological Sciences</secondary-title></titles><periodical><full-title>Proceedings of the Royal Society of London B Biological Sciences</full-title><abbr-1>Proc. R Soc. B-Biol. Sci.</abbr-1></periodical><pages>1273-1279</pages><volume>278</volume><number>1709</number><dates><year>2011</year><pub-dates><date>April 22, 2011</date></pub-dates></dates><urls><related-urls><url>http://rspb.royalsocietypublishing.org/content/278/1709/1273.abstract</url><url>http://rspb.royalsocietypublishing.org/content/278/1709/1273.full.pdf</url></related-urls></urls><electronic-resource-num>10.1098/rspb.2010.1741</electronic-resource-num></record></Cite></EndNote>Bonisoli-Alquati et al., 2011). Sibling competition may entail costs in terms of oxidative stress and damage ( ADDIN EN.CITE ; ; ) and variation in levels of sibling competition is expected to produce variance in resistance to oxidative stress among broods. Our results however did not support this hypothesis since brood size and hatching rank had no effect on both measures of oxidative stress. 
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	Based on a substantial number of free-living individuals and families, we surprisingly found in a wild vertebrate no evidence for substantial heritability or non-genetic inheritance in two biomarkers of resistance to oxidative stress, which were shown to be biologically and ecologically meaningful (e.g.  ADDIN EN.CITE ; ). Our study shows that resistance to oxidative stress has, at least early in life, a very low potential for evolution, because any selective advantage is not transmitted to the new generation. Our study cannot however entirely exclude the possibility that additive genetic variance increases with age (since we could estimate it for only 39 individual recruits), and therefore that resistance to oxidative stress has some potential for evolution expressed later in life. Importantly, an absence of additive genetic variance does not preclude the existence of other inheritance processes in relation to this trait. In fact, because resistance to oxidative stress shows strong links to fitness, and provided that individuals with a higher ability to resist oxidative stress may confer direct benefits to their sexual partner (e.g. fertility, embryo viability;  ADDIN EN.CITE ; ), the ability of an individual to resist oxidative stress has the potential to drive the evolution of mate choice based on this trait ( ADDIN EN.CITE Andersson & Simmons, 2006). Furthermore, although there appears to be only low evolutionary potential in resistance to oxidative stress per se, the strategies individuals develop to adaptively allocate their antioxidant resources to competing functions (e.g. reproduction vs. survival) may be heritable. Despite having assessed resistance to oxidative stress using two reliable and sensitive biomarkers, one should not forget the extremely complex nature of the oxidative stress processes and the non-significance of genetic inheritance of the markers used here may not preclude genetic inheritance of other aspects of resistance to oxidative stress (e.g. production of reactive species).
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Table 1. Variance component, heritability, common environment and fixed effect estimates for both measures of resistance to oxidative stress extracted from the univariate models. Analyses included 791 nestlings originating from 155 nests of origin, which received parental care in 141 foster nests. Chi-square and P-values correspond to the difference between the full model and a reduced model that did not contain the variance component of interest (variance components) or likelihood-ratio tests (fixed effects). Significant values are highlighted in bold.

	     Level of oxidative damage	Erythrocyte resistance to oxidative stress
Variance components	Estimate ± s.e.		2	Fdf	P		Estimate ± s.e.		2	Fdf	P
Additive genetic VA	0.0005 ± 0.0004	h2 = 0.05 ± 0.04	1.48	-	0.22		0.0009 ± 0.003	h2 = 0.02 ± 0.07	0.10	-	0.75
Common envir. VC	0.005 ± 0.0007	c2 = 0.53 ± 0.04	141.96	-	< 0.001		0.02 ± 0.007	c2 = 0.15 ± 0.04	23.24	-	< 0.001








Table 2. Variance components, heritabilities (h2), common environment effects (c2) estimated for each sex separately and cross-sex genetic correlations (rA) for both measures of resistance to oxidative stress. Values are extracted from bivariate models. Significance of each cross-sex genetic correlation was assessed by comparing the full model with a model where the genetic correlation was constrained to unity (see methods for details). Significant values are highlighted in bold.
		Level of oxidative damage		                        Erythrocyte resistance to oxidative stress
Variance components	Sex	Estimate ± s.e.		2	P		Estimate ± s.e.		2	P
Additive genetic VA	F	0.00 ± -a	h2 = 0.00 ± - a	0	1		0.0082 ± 0.015	h2 =0.07 ± 0.13	0.60	0.44
	M	0.0032 ± 0.003	 h2 = 0.09 ± 0.09	1.03	0.31		0.0272 ± 0.0197	h2 = 0.21 ± 0.15	0.57	0.45
Additive genetic correlation		rA = 0.99 ± - a		0	1		rA = 0.41 ± 0.81	-	0.39	0.53
Common Environment VC	F	0.021 ± 0.004	c2 = 0.56 ± 0.05	8.22	0.004		0.02 ± 0.007	c2 = 0.18 ± 0.06	14.4	< 0.001
	M	0.019 ± 0.003	c2 = 0.54 ± 0.05	20.45	< 0.001		0.013 ± 0.008	c2 = 0.10 ± 0.06	2.42	0.12
Residual VR	F	0.018 ± 0.0017	-	-	-		0.087 ± 0.015	     -	-	-
	M	0.012 ± 0.0028	-	-	-		0.093 ± 0.018	-	-	-

a Parameter estimate was bound to 0 or 1, hence no standard error was estimated
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